Selection for increased penicillin production among the progeny of pairwise crosses between wild-type isolates of Aspergillus nidulans resulted in the production of high-titre strains. Three crosses were made between strains with increased titre derived from independent selection lines. Significant genetic variation was found among the progeny of each cross, indicating that different genes for increased titre had been selected in each line. Gene action was additive in each cross. Renewed selection from the progeny of one ' between-line' cross resulted in further increases in titre, over three successive generations.
I N T R O D U C T I O N
In the preceding paper (Merrick, 1975) it was shown that selection for increased titre was effective in each of four independent selection lines in Aspergillus nidulans. After three, four or five generations of selection, titre had been increased by between 60 and 160 % in each line and the available genetic variability considerably reduced.
The present paper describes investigations of the genetic architecture of these different selection lines. Two questions in particular were considered : whether the increases in titre obtained in the different lines were due to the selection of the same or different genes, and whether the gene action in selected strains remained predominantly additive, as was the case with unselected wild-type isolates (Merrick & Caten, 1975 a) .
M E T H O D S
General. Media, and methods of culture, genetic analysis and titre assessment were all as described by Merrick & Caten ( 1 9 7 5~) .
Penicillin fermentations and assays. These were essentially as described by Merrick & Caten (1975a) . In assaying progeny from crosses between selection lines the number of replicate flasks per progeny strain was increased to three, and six flasks were used for each of the parental and control strains. This increased level of replication gives greater precision, and is particularly important when examining the data for evidence of epistasis (for a detailed discussion see Merrick & Caten, 1975b) . A sample Of 44 progeny strains was always used. For comparisons between generations all parental and progeny means were corrected against the control strains as described by Merrick (1975) .
Selection procedure. During the first cycle of selection it proved impossible to cross the two selected progeny from the third generation in line 3 and this line had to be terminated (Merrick, 1975) . The three remaining selection lines were each continued for four or five generations and crosses were then made between the lines in all possible combinations (Table I ) . In two of these crosses (~6 0 and ~7 0 ) a white spore-colour mutation was used instead of the yellow markers used previoudy. This change was made because yellow mutations had been found to have a depressing pleiotropic effect on titre (Merrick & Caten, 1 9 7 5~; Merrick, 1975) . A high-titre green-spored strain was chosen from the fourth generation of h e I (cross ~1 4 ) and the fifth generation of line 4 (cross M 2 I ) , and a white sporecolour mutation was induced in each strain using ultraviolet light. The two resulting whitespored strains M14.36/1 and ~2 1 . 5 1 1
were then crossed to green-spored strains from the fifth generation of line 2 and the fourth generation of line I respectively. For the remaining cross (~5 0 ) a green-spored strain from the fifth generation of line 2 was crossed with a yellow-spored strain from the fifth generation of line 4.
To examine whether further increases in titre could be obtained by combining favourable alleles from different selected lines, a second cycle of selection was initiated. The highesttitre green-spored and highest-titre yellow-spored progeny were selected from cross ~5 0 and were crossed. The selection procedure was then identical to that of Merrick & Caten 975a) except that in the second generation of renewed selection the marker used for detection of hybrid perithecia was changed from a yellow to a white spore-colour mutation for the reasons discussed above. For this purpose the two highest-titre green-spored strains were selected from the first generation and a white mutant was induced in one of them. The white-spored and green-spored strains were then used as parents for the second generation. The second cycle of selection (line 2 x 4) was continued for two generations.
Contemporaneous comparison of selected strains. Throughout the selection programme strains selected as parents of the succeeding generation were stored on silica gel at 4 O C . It was therefore possible to compare the titres of all these strains in a single experiment at the end of the programme. Four replicate flasks were used for each strain and the two control strains were also included. The mean parental titres for each generation, calculated from this experiment, were then compared with the respective progeny mean titres obtained in previous experiments. This comparison is based on the fact that the gene action has been shown to be predominantly additive for this character throughout the selection programme (Merrick & Caten, I975d; Merrick, 1975 4. parental mean titres; T, progeny mean titre.
R E S U L T S

Crosses between selected lines
The methods used for analysis of these crosses were as described by Merrick & Caten  ( 1 9 7 5~) .
The progeny titres were subjected to an analysis of variance and the following statistics were calculated: progeny mean titre; parental mean titre; uE2, a measure of the environmental variation in the fermentation and the assay; aG2, a measure of the variation due to segregation of natural allelic differences affecting penicillin titre; uc2, a measure of variation associated with the spore-colour markers ; h2, the heritability of penicillin titre in each cross. The progeny and parental mean titres were compared to estimate [i], the contribution of non-additive gene effects to the mean phenotype, in each cross.
The analyses of variance (Table I) indicated that there were significant differences between the high-titre strains from all three lines. Significant genetic variation was found among the progeny in each cross (Fig. I) and the estimates of uG2 ( Table 2) were as large or larger than those obtained in crosses between wild-type isolates (Merrick & Caten, 1 9 7 5~) .
In cross ~5 0 , where the genetic marker was a yellow spore-colour mutation, the mean titre of yellow-spored progeny was significantly lower than that of green-spored progeny, but in crosses ~6 0 and ~7 . 0 , where a white spore-colour marker was used, there was no significant marker effect and the estimate of gc2 was zero ( Table 2 ). In each cross the parental mean was not significantly different from the progeny mean ( Fig. I) and hence the estimates of [i] ( Table 2 ) were not significantly different from zero, indicating that the gene action was predominantly additive in each case.
Renewed selection for increased titre
The progeny mean titres in each generation were corrected against the control strain titres as described by Merrick (1975) and white in ~6 0 and ~7 0 . $ P < 0'001.
to that in the first cycle of selection and shows a clear correlation with changes in the amount of genetic variation, cG2, as selection proceeds (Fig. 2) . The results were again analysed using the standard form of analysis of variance (Merrick & Caten, 1975U) , and are summarized in Table 3 . In both crosses where a yellow spore-colour marker was used, the yellow-spored progeny had a significantly lower mean titre than the green. When a white mutant was used (cross ~5 2 ) there was no difference in titre between the spore-colour classes. Tests for epistasis in crosses M~I and ~5 2 were again negative and hence consistent with a model of additive gene action.
The genetic variance showed a slight but not significant increase from ~5 0 to ~5 2 .
On the other hand, the variance between replicate flasks, cE2, increased significantly over these three generations. This apparent decrease in the stability of the strains with selection is thought to be attributable to a scaling effect introduced by the logarithmic transformation used in conversion of the inhibition zone diameters to titres (ulml).
Contemporaneous comparison of strains
The correlation between results from the contemporaneous comparison and those obtained in individual experiments during the selection programme was highly significant (r = 0.83, P < 0.001). The two sets of data are plotted together for lines 2, 4 and 2 x 4 in Fig. 3 .
DISCUSSION
Crosses between selected lines. Segregation of alleles affecting penicillin production occurred in all three crosses between selection lines, and the genetic components of the progeny variances were as large as or larger than those for crosses between unselected wildtype isolates (Merrick & Caten, 1 9 7 5~) .
These observations suggest that the increases in titre had been predominantly achieved by different gene and/or allele combinations in each line. This is consistent with the use, as initial parents, of isolates belonging to different heterokaryon compatibility (h-c) groups (Merrick, I 975) , since these groups are genetically diverse (Jinks et al. 1966; Merrick & Caten, 1975a) . Each of the initial isolates presumably carried different genes and/or alleles affecting penicillin titre, leading to the establishment of different high-titre gene combinations in each line. These results provide further evidence that variation for penicillin production in this population of A . niduZans isolates is determined by a large number of genes. The additive gene action found in all three crosses suggests that whilst different gene combinations had been selected in each line, these were not dependent on non-allelic interactions for their effect. These gene combinations may therefore -. is be broken up and the individual genes recombined additively with those selected in other lines to produce further increases in titre.
Similar crosses between lines selected for linear growth rate have been .described by Simchen (1966) for monokaryons of SchizophylZum commune and by Papa (1970) for Neurospora crassa. Whilst the selection procedures in each of these studies were similar to those used for A . nidulans (Merrick, 1975) , the results obtained on crossing between lines were different in both cases and demonstrate some of the possible outcomes of selection programmes of this type.
Tests for epistasis were not presented by Simchen (1966) or Papa (1970) but the type of gene action may be deduced from the data available in each case. Simchen's (1966) data for S. commune show no indication of epistasis either in the cross between high growth-rate selection lines or in any other crosses between selected material. However, Papa's (1970) results for N. crassa show pronounced epistasis in all three crosses between selected lines and no strains with growth rates greater than that of the faster parent were apparently recovered. This was attributed to the breakdown of polygenic complexes which had been built up in the previous selection cycle.
Information on the genetic architecture of selected strains is important when considering Inheritance of penicillin titre in A. nidulans 293 commercial strain improvement by hybridization. If non-additive gene action is present the possibility of recovering an improved recombinant strain from a ' between-line' cross may be substantially reduced, as evidenced by the results of Papa (1970) for high linear growth rate in N . crassa. In a situation where the gene action is mainly additive, however, improved recombinants should be more frequent. This was so in the present work, where recombinants were obtained which had a 30 % increase in the titre (Fig. I) compared with the higher parent strain. Renewed selection. The genetic variation generated by crossing between selected lines allowed a further substantial increase in titre on renewed selection. This confirms that the fall-off in response in the fourth and fifth generations of lines 2 and 4 was due to a lack of genetic variation and not to any physiological limit. The response in the second cycle of selection was similar to that in the first, but selection was not continued far enough for a second plateau to be reached (Fig. 2) . It is likely that this procedure of inter-line hybridization would be repeatable for a number of cycles, with an associated stepwise increase in titre for each cycle. These results differ from those of Papa (1970) , in which further selection from crosses between lines failed to exceed previous limits. This may have been due to the strains having reached a physiological upper limit so that additivity of gene action was not expressed.
Efects ofgenetic markers. At two points during the selection programme a white conidialcolour marker was introduced in place of a yellow one when the latter was found to show a pleiotropic depression of titre. In both instances (Tables 2 and 3) this change removed the difference in mean titre between spore-colours, thus indicating that the effect was associated with the y gene and is not a general effect of spore-colour mutation. It is not known whether this pleiotropic effect is a property of all y mutations or due to the particular mutants and/or genetic backgrounds in these experiments.
Conteinporaneous comparison of strains. Such comparisons have rarely been carried out in selection programmes and are only possible when the parental material can be cloned asexually and retained until the end of the programme. The results (Fig. 3) demonstrate that the increases in titre observed in the course of the selection programme are attributable to selection of genetically improved strains and not to changes in the fermentation or assay conditions. The correlation between the contemporaneous titres and those obtained in individual experiments was increased from r = 0.76 to r = 0.83 when the titres were corrected against the control strains. This is in agreement with previous data (Merrick, 1975) which indicated that ' between-experiment ' variation accounts for only a small proportion of the total error variation (between and within experiments). Nevertheless, the increase in the correlation after correction suggests that the use of control strains is probably advantageous.
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